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Microrheology in tumbling nematics of 8CB liquid crystals 
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Particle tracking passive microrheology in 8CB liquid crystals is used to redefine the precessional 
motion of the orientation of nematic director in liquid crystals. Physical origin of tumbling director 
in presence of presmectic clusters under zero shear conditions is discussed. Different structural 
properties (pure nematic phase, presmectic(smectic C and smectic A clusters)) were differentiated 
with characteristic dependence of G' on ca in the nematic phase of 8CB liquid crystals. Also, dynamic 
viscosity is observed with a cross over between parallel and perpendicular components as the smectic 
A phase is approached. 

PACS numbers: 66.20.-d,83.80.Gv,47.57.-s 


I. INTRODUCTION 

Complex fluids driven to induce flow shows the char¬ 
acteristics of irregular intervals of solid like behavior fol¬ 
lowed by stress relaxations due to rearrangements of its 
constituents. Dynamics of complex fluids are non-linear 
in nature. Many of these condensed matter systems are 
either time dependent or frequency dependent. Dynamic 
properties of the condensed matter systems are mostly 
harmonic oscillator like modes. Information about the 
dissipation of harmonic oscillators energy into incoherent 
degrees of freedom is reflected in the sign of the dissipa¬ 
tive forces that leads to decay of amplitude of motion in 
time[l|. On this note, measuring passive microrheologi- 
cal parameters using single particle tracking method will 
lead to understanding the dynamics of flow behavior in 
complexfluids. 

In shear rheology experiments of liquid crystals, 
Ericksen-Leslie-Pondou(ELP) theory was used in under¬ 
standing various regimes in the nematic phase of liquid 
crystals. In nematic phase of liquid crystals, the average 
orientation of molecules is determined by the nematic di¬ 
rector (n)@- This director field is coupled to the velocity 
field or flow field V(r,t). The dissipation of energy in 
liquid crystals strongly depends on the microscopic con¬ 
stituent molecules alignment and orientation. According 
to ELP theory, the direction of orientation of (n) charac¬ 
terizes the nematic stress tensor ( ai ) Where * = 1 to 6. 
Miesowicz viscosities 771, 772, 773 depends on (a*). The sign 
of the viscosity coefficient 03 determines the flow aligning 
behavior of the NLC. The sign of 0:2 is always negative in 
case of nematic liquid crystals, so, if 02,0:3 satisfy a condi¬ 
tion, such that > 0, a flow alignment takes place, with 

director orientation at an angle tan# = </^|. In stan¬ 
dard liquid crystals like 5CB, with sequence of phases 
as crystal(cr), nematic(N) and Isotropic(I) fluid, then 
flow alignment occurs with the director at a characteris¬ 
tic angle with respect to the flow direction even at low 
shear fields, in the whole nematic phased]. For 0:3 > 0, 
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the director is forced to rotate continuously by the hy¬ 
drodynamic torques even at low shear field. The direc¬ 
tor rotation angle 9 will always increase with strain and 
an indefinite oscillatory response is predicted 0. Jahnig 
et.al.[5j observed that, if a liquid crystal possess a phase 
sequence as crystal(cr), smectic A(Sm-A), nematic(N), 
and Isotropic phases, then it will have positive 03, in its 
nematic phase near the Sm-A to N transition tempera¬ 
ture, since 0:3, has a positive divergence at TsmA-N • In 
8CB liquid crystals, phase sequence occurs as cry-Sm-A- 
N-I, so for 0:3 > 0, nematic phase is of the tumbling type 
in these liquid crystlas. It is well known that there ex¬ 
ists several structures in its nematic regime of 8CB liquid 
crystals in addition to phase transitions i 10 In par¬ 
ticular, the orientation or the isotropic and anisotropic 
precessional motions of the director around the velocity 
or the flow gradient directions determines the phases in 
the nematic regime. From theoretical@,El ; ], and experi¬ 
mental study [4| of variation of apparent viscosity with 
shear rate and temperature in 8CB liquid crystals, it was 
observed that there exists tumbling motions of the di¬ 
rector that dominates the whole nematic regime. These 
results also showed the periodicity of the tumbling os¬ 
cillations to be a strong function of temperature. This 
tumbling motion in the nematic phase of 8CB liquid crys¬ 
tals was explained more precisely by K.Negita et.al.,Q. 
Various structures are mentioned in their paper with dif¬ 
ferent notations. Here we follow the same notations in 
representing these structures. It can be briefly recol¬ 
lected as: (i) In the temperature region just below the 
N-I transition point, a flow alignment of the director oc¬ 
curs with its direction near the flow direction(y-axis). In 
other words, the liquid crystals in this regime behave 
as flow aligning nematogens. (ii) Below this tempera¬ 
ture, becomes negative, making the flow alignment of 
the director impossible. The structures formed in this 
regime are denoted a — b,a mi a s ,a(b) and a c with their 
stable regions depending on the temperature and shear 
rate. The a — b structure is composed of coexistent a 
and b structures. Further below this temperature, pre¬ 
cessional motions around the x axis are induced, lead¬ 
ing to a m ,a s ,a(b) and a c structures. These precessional 

motions are characterized by nv $ —b n ‘ $ = 1. Here 

n y0 n z0 
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n y (t) = n y ocos(ujot) and n z (t) = n z osin(u]ot) are com¬ 
ponents of the director n(t ) = (ji x (t),n y (t) : n z (t)) pro¬ 
cessing around the x-axis with an angular frequency of 

wo = [ ' 1 ^r— - ]5. 7 is the shear rate, a§ is the renor¬ 
malized viscosity coefficient of 03 including the effect of 
the Sa fluctuations, and 71 = 03 — 0 : 2 . Further, the pre- 
cessional motions in each structure are explained as: 
l)a m strucure: anisotropic precession with larger am¬ 
plitude in the y-direction with (n y 0 > n z 0 ). 2)a s 

structure: isotropic precession with equal amplitude in 
the y and z direction (n y 0 = n z 0 . 3 )a(b) structure: 
anisotropic precession with larger amplitude in the z di¬ 
rection (n y 0 < n z g. 4 )a c structure: anisotropic preces¬ 
sion with its larger amplitude of motion deflected along 
the z-axis (n y 0 << n z 0 ) and in the Sa phase, the forma¬ 
tion of the layer structure makes the precessional motion 
impossible. 

All the above description of structural regimes involve 
the ELP theory and critical nematodynamics in bulk rhe¬ 
ology and X-ray diffraction measurements. In this paper 
we present instead a real space in-situ measurement using 
Brownian motion of microsphere. The diameter of the 
microsphere is about the same size as that of the struc¬ 
tures formed by the orientations of director (n). This 
measurement of Brownian motion in tumbling nematic 
phase is first of its kind. The microsphere motion among 
these structures within liquid crystals is in analogy to 
motion in a harmonic trap, because of the defect formed 
around the microsphere. In such a case, the dissipative 
force describes the average effect on the Brownian mo¬ 
tion of bead in liquid crystals. Hence it is important to 
measure G and G with out using ELP theory of shear 
rheology in 8 CB liquid crystals. 


II. THE EXPERIMENT 


Silica microshperes of diameter 0.98 /rm are coated 
with Octadecyldimethy(3-trimethoxysilylpropyl) ammo¬ 
nium chloride(DMOAP, Sigma Aldrich) for a specific 
molecular alignment [101 and dispersed in the 8 CB 
(4- Cyano 4 - Octyl biphenyl) liquid crystals (Sigma 
Aldirich). Liquid crystal cell is made of two coverslips 
coated with AL-1254 and rubbed in opposite directions to 
achieve planar alignment. The measured thickness of the 
sample cell is 23 fim. Observed 8 CB liquid crystals phase 
transitions(cooling) are Isotropic at 41.5°C to Nematic 
at 34.8°C to Sm-A. The resolution of the temperature 
controller (Instek, mk 1000) is ±0.01°C. Brownian mo¬ 
tion of an isolated particle is tracked with an appropriate 
computer program with in an inverted polarizing micro¬ 
scope (Nikon Eclipse, Ti-U) using a 100X objective. The 
experimental measurements of Brownian motion is very 
similar to our previous paper The background for 
calculating microrheological parameters like G' and G" 
from the analysis of Brownian motion is from fl2|.fl3j. 
0 - The Brownian motion of an isolated micro sphere is 


video recorded for about 5 minutes and analyzed. Mea¬ 
surements are repeated with in the same and different 
cells. 


III. RESULTS AND DISCUSSION 


When a microsphere of 0.98 fim diameter moves in the 
nematic phase of liquid crystal, the fluctuating director 
(n) displaces or biases the thermal motion of the micro¬ 
sphere. Suppose, a fluctuative director(n) displaces the 
sphere to its left by a distance Ax, this displacement 
temporarily increases the elastic energy density on the 
left side. So, there occurs a difference in the elastic en¬ 
ergy densities between left and right side. This leads to a 
restoring elastic force F = -K Ax/d. Here, d is the diam¬ 
eter of the sphere. This force slows down the diffusion of 
the microsphere (l5| . If the microsphere moves through 
structures of the order of diameter of sphere(~ l/i m), 
then the thermal motion of the sphere is constrained due 
to these structures. This leads to an anomalous Brown¬ 
ian motion of the microsphere. 

In isotropic fluids, the mean square displacement 
(MSD) of the Brownian motion of a spherical particle 
is linear in time r. But in case of complex fluids such 
as entagled actin filament networks etc., the Brownian 
motion is anomalous, mostly due to the infrequent large 
jumps that the particle makes between distinct pores 
in the network [la]. Hence the MSD((Ar 2 (f))) follows 
a power law behaviour with (A r 2 (t)) oc r°. When 
0 < a < 1 the nature is sub-diffusive and when a > 1 
it is super-diffusive, over a lag time r. Recently, sub 
and super-diffusive motion in 5CB liquid crystals have 
been reported by measuring time variation of ((Ar 2 (t))) 
fl5j . Here, we present the MSD results from the thermal 
motion of the colloidal particle in 8 CB liquid crystals, 
and show how precessional motions of the director and 
the collective molecular reorientations affect the Brown¬ 


ian motion. In figure 1(a) variation of MSD with time 
lag at AT = 0.5°C, AT = — 1.5°C are presented. In 
isotropic regime, at AT = 0.5°C, we observed linear in¬ 
crease in the value of a with variation in time lag r. 
When temperature is further decreased to AT = —1.5°C, 
an anisotropy in the MSD Vs time can be seen as shown 
in fig |l(a)| In the log-log plot, the parallel component 
possesses linear behavior with MSD vs time and fits well 
with linearly increasing curve whereas the perpendicu¬ 
lar component shows sub diffusive behavior and fits well 
with power law rise in time and the value of a = 0.77. 
Further, at AT = —3.5°C, the parallel component of 
((Ar 2 (f))) show linear increase with increase in time and 
perpendicular component exhibits non-linear increase in 
a value as shown in figure [T(b)| and shows sub diffusive 
behavior with a value being equal to 0.65. In order to 
further investigate sub diffusive properties of Brownian 
motion of colloidal particle in 8 CB liquid crystals, we 
computed microrheological parameters G' and G". 

Many of the condensed matter systems are either time 
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FIG. 1: MSD vs time for (a) Isotropic(solid square) 
(ATn-i = +0.5°C) and nematic phase(closed and open cir¬ 
cles for parallel and perpendicular MSD) (ATn-i = — 1.5°G) 
and (b) In case of tumbling nematic director (closed and open 
circles for parallel and perpendicular MSD) at (A Tn-i = 
—3.5°C) of 8CB liquid crystals, solid line(red colour online) 
represents the power law fit. 


dependent or frequency dependent. Dynamic properties 
of the condensed matter systems are mostly harmonic 
oscillator like modes. Information about the dissipation 
of harmonic oscillators energy into incoherent degrees of 
freedom is reflected in the sign of the dissipative forces 
that leads to decay of amplitude of motion in time. 

From the measured thermal motion of the colloidal 
particle, viscoelastic moduli (storage modulus(G") and 
loss modulus (G")), can be computed. G' and G" rep¬ 
resent the fraction of energy induced by the deformation 
imposed on the material. A fraction of energy is lost 
by the viscous dissipation in case of loss modulus(G"), 
and, is stored elastically in case of storage modulus(G'). 
G' and G" were computed using the equations given in 
Ref. [l3|, given below, as a function of rate of deforma¬ 
tion u>. By expanding the equation of motion of Mean 
square displacement around t = the translational 



FIG. 2: In nematic phase of 8CB liquid crystals, at (A Tn-i = 
—0.5°G), G || and Gy represent the parallel components of 
G and G . Here, G is represented by line with solid 
square(black colour online) and G is represented by line with 
star(blue colour online).(b) G ± and G ± represents perpendic¬ 
ular components of G and G . Thin line (red colour online) 
with a small open circle shows fitting. 

parameter /3 is defined as [TU 

(1) 

and the Fourier transform of this MSD equation would 
lead to give G'(u;) and G"(u;) as 

G' M = |G*M|cos(^) 

G» = |G*M|sin(^j (2) 

Where |G*(w)| = AT B T/7ra(Ar 2 (i))r[l + /9(w)], and ‘a’ 
the radius of the probing bead. 

Here, we present the microrheological properties elas¬ 
tic modulus G', viscous modulus G" in the nematic phase 
of 8CB liquid crystals. In liquid crystals, the average ori¬ 
entation of liquid crystal molecules is determined by the 
director (n). Hence, the effect of collective molecular re¬ 
orientations on Brownian motion of colloids in nematic 
liquid crystals is determined by the direction of orienta¬ 
tion of (n). Just below nematic to isotropic transition 
temperature, in b regime, at (AT/v_j = —0.2°G), a flow 
alignment of the nematic director (n) occurs with its di¬ 
rection with a small angle near the flow direction(Y-axis). 
Such flow alignment also occurs in 5CB liquid crystals. 
In figure [3j the power law dependence of frequency of 
G'(w), G"(oj) in both parallel and perpendicular direc- 
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FIG. 3: In nematic phase of 8CB liquid crystals, parallel 
components of elastic (Gy) and viscous modulus (Gn ) vs fre¬ 
quency (w) of different regimes(a m , a s , a(b), a c ). Here, G is 
represented by line with solid square(black colour online) and 
G is represented by line with star(blue colour online). Thin 
line (red colour online) with a small open circle shows fitting. 


FIG. 4: In nematic phase of 8CB liquid crystals, perpendicu¬ 
lar components of elastic (Gj_) and viscous modulus (G x ) vs 
frequency (w) of different regimes (a m , a s , a(b), a c ). Here, G 
is represented by line with solid square(black colour online) 
and G is represented by line with star(blue colour online). 
Thin line(red colour online) with a small open circle shows 
fitting. 


tions to the orienatation of (n) are shown with their cor¬ 
responding fits. From the curve fitting, it represents 

g'Hh ^ 1 - 5 

G'{u)± ~ w 1 ' 6 

G»||, ± ~ W °- 88 (3) 

According to the work of C.R.Safinya et.al.Q, the ori¬ 
entational state of (n) is determined by the viscous, elas¬ 
tic and fluctuation torques due to fluctuation smectic 
clusters acting on it. In shear rheology, the elastic torques 
are normally neglected. However, on lowering the tem¬ 
perature towards Tn _ ySm-A, the shear flow tends to tilt 

the smectic cluster layers formed. This changes the layer 
spacing and gives rise to the restoring force. We have 
been able to observe the effect of the tumbling of the ne¬ 
matic director on the elastic and storage modulii, even in 
absence of an external shear. In other words, the tum¬ 
bling need not be a be a consequence of external shear on 
the smectic cluster layers and we propose an alternative 
explanation. 

A. Physical origin of tumbling nematic director : 

Below a — b regime, tumbling of (n) is mainly because 
of presmectic translations. Here, the reason for the tum¬ 
bling effects of director (n) under zero shear conditions 
can be expected in two ways: 1) The molecular layers 
formed in these presmectic (Smectic A) translations slide 
freely one over the other resulting in shear effects. A 
small flow of molecules along the director orientation and 


the shear effects among presmectic layers act perpendic¬ 
ular to each other resulting in a superposition of each 
other. This superposition leads to tilt the clusters of 
molecules in the presmectic (Smectic C) layers. Which 
changes the layer spacing and gives rise to elastic torque 
El- 2 ) As the temperature decreases, these presmectic 
layers gets rearranged and hence exists compression on 
to the central portion of the liquid crystals. Because of 
the quasistaic compression on to the liquid crystal layers 
in the central portion of the sample cell, this could nec¬ 
essarily affect the equilibrium structure in two different 
ways, a) The gap between the layers inside the central 
portion of the sample cell would either be increased or 
decreased in order to adopt to the variations of the gap 
size, b) In order to relax from the elastic stress of the 
layers, the radius of the dislocation loops would be either 
be increased or decreasedEIl- In simple words, the lay¬ 
ers that are close to the wall boundaries, gets rearranged 
with the changes in temperature. In process, the elastic 
energy density increases between layers. In single parti¬ 
cle tracking experiments in liquid crystals, the change in 
elastic energy density between layers and central portion 
of the cell leads to restoring force on the microsphere. 

In liquid crystals, the average orientation of liquid crys¬ 
tal molecules is determined by the director (n). Hence, 
the effect of collective molecular reorientations on Brow¬ 
nian motion of colloids in nematic liquid crystals is de¬ 
termined by the direction of orientation of (n). In 8 CB 
liquid crystals cell, the parallel and perpendicular ori¬ 
entations to (n) represent Y(flow) and Z(flow gradient) 
directions respectively. As the nematic director does pre- 
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cessional motion to Y and Z directions, consequently, the 
thermal motion of the microsphere gets affected or bi¬ 
ased by the precessional motion of the director. Hence, 
in the amplitude and periodicity of the microrheologi- 
cal properties, the effect of the precesional motion of 
the director (n) is profound. Amplitude and periodic¬ 
ity of G'(u;)|| in figure [3] show strong temperature depen¬ 
dence. These characteristics of G'(w)|| are analogus to 
the apparent viscosity rj vs shear strain as in a paper 
by D.F. Gu et.al.Q. Amplitude of harmonics increase 
first from a m regime to a s regime and then decreases 
rapidly in a{b) regime and then again increases in a c 
regime more steeply. But, from figure [4] amplitude of 
harmonics of G'(w)_l decreases from a m regime to a(b) 
regime and then increases in a c regime. The periodicity 
of the harmonics are present in a m and a s regimes of both 
G'(w)|| and G'(ui)±. In a m regime, as the components 
of the director show [n y o > n z o). Here, G'(cu)|| show 
anisotropy with G'(co)± and G'(u;)|| > G'(w)j_. This 
represents, anisotropy in G'(w)|| and G'(oj)± is clearly 
a consequence of amplitude of precessional motion of the 
director (n) being larger in the Y-direction than in the 
Z-direction. In a s regime, G'(uj )|| = G'(uj)±. This is 
a consequence of isotropic precession of (n) with equal 
amplitude in both Y and Z-directions (n y o = n z o). In 
a(b) regime, G'(w)|| < G'(oj)±. This is a consequence of 
anisotropic precession with lesser amplitude in the Y- 
direction than in the Z-direction ( n y o < n z o). In a c 
regime, both G'(w)|| and G'(w)j_ does show larger val¬ 
ues. Here, G'(u;)|| G'(uo)±. This is in contrast to 

the anisotropic precession of (n), with very large am¬ 
plitude in the Z-direction (n y o << n z o). This is actu¬ 
ally a crossover between values of G'(w)|| and G'(uo)±. 
Since a c regime is very close to nematic-smectic tran¬ 
sition, smectic layers form temporary clusters. Hence, 
the elastic energy density among these layers increases. 
Since, these temporary smectic layers are in the perpen¬ 
dicular direction(Z-axis), the difference in the elastic en¬ 
ergy density between the central plane(Y-axis) and tem¬ 
porary smectic clusters in the Z-axis creates restoring 
elastic force on the microsphere. This slows down the 
diffusive motion of the microsphere along the parallel di¬ 
rection and it results in increasing the elastic or storage 
modulus G'(w)||. 

Further, the dependence of elastic modulus G'(w) on 
uj is measured directly by curve fitting. 

G'M||,.l oc W|| )X *sin ( 4 ) 

The above equation [I] represents sinusoidal distribution 
of G'(w) with respect to deformation frequency a; in a m 
and a s regimes. The positive and negative slopes in the 
distribution of G'(w) indicates the storage and dissipa¬ 
tion of elastic modulus. These positive and negative 
slopes of G'(w) are consequence of tilt in the clusters 
of molecules of pre smectic layers. This tilt in these clus¬ 
ters of molecules of Smectic layers leads to Smectic C 
like clusters locally. Whence with this micro rheology 


method, discrimination between clusters of presmectic A 
and clusters of Smectic C is identified. 

In a(b) regime, G'(w) vs uj followed power law depen¬ 
dence. 


and 


Also, in a c regime, 


G'Hi, OC wjj 1 ' 5 

(5) 

G'(u>)± oc cci 3 

( 6 ) 

G'Hn «wj- 7 

(7) 

G'(uo)± oc w5; 6 

( 8 ) 


These eauations l5l6l7l8l show anisotropy in power law de¬ 
pendence of G'{uj) vs uj in both parallel and perpendicu¬ 
lar directions. This a(b) regime is known to be a combi¬ 
nation of a and b orientations of liquid crystal molecules. 
In a(b) regime, the power law dependence of uj in G'(w)|| 
vs uj is similar to the power law dependence of G'(u;)_l in 
a c regime. The power law dependence of G'(uj)± is sim¬ 
ilar to power law dependence of G'(uj ) vs uj in b' phase 
[3] This shows how the orientation of director is tumbling 
between Y(a-orientation) and Z(b-orientation)directions. 
In a c regime, from equation [7] represents the precessional 
motion of amplitude of the director being large to the 
Z direction. Hence the parallel and perpendicular com- 
poents of G'(uj) flip between each other. In both a(b) 
and a c regimes, the reduction in the power of either of 
the parallel or perpendicular components represent the 
presence of pre-smectic A clusters of molecules, since 
the cell is rubbed for planar alignment and in smectic 
A clusters, clusters of molecules are generally oriented 
perpendicular to the layers and these clusters are large 
enough to restrict the motion of the colloidal particle in 
the perpendicular direction to the layer plane. Hence, we 
could conclude only in case of presmectic A clusters, the 
power of uj reduces to 1/2. Further, in a m and a s regimes, 
G"(oj) vs uj in parallel and perpendicular directions fits 
with 


G"(cj) = a*u + b*uj n * sin 2 (9) 

and in a(b) and a c regimes, G"{oj) follows power law de¬ 
pendence with uj. In a m regime, 

/^iff 0.94 

Gy 

Gy ~ u 0 95 (10) 

In a s regime, 

Gj| ~ uj 0 ' 74 

Gj | ~ uj 0 - 85 ( 11 ) 

Also, we computed the dynamic viscosity (rj") values 
from G" /uj in both parallel and perpendicular directions 
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FIG. 5: Temperature dependent variation of dynamic 
viscosity (77 ). r /y and r/± are represented open and closed 
circles(red colour online)respectively. 

to the director (ri). The characteristics of ( 77 ") are very 
similar to bulk rheology viscosity values[!]■ But, we ob¬ 
served a crossover between 77 ^ and 77 ". Similar crossover 
between 7711 and ? 7 _L in the micro viscosity values of bent 
core liquid crystals near N-Sm-A transition were observed 
in our previous paper (Tlj. 

Figures] shows that as a c approaches the smectic re¬ 
gion, the thermal motion of the microsphere in the par¬ 
allel directions(Y-direction) becomes highly restricted by 
more smectic layer formations. One can understand this 
restriction of thermal motion of microsphere as since the 
cell is rubbed to promote specfic molecular alignment, the 
larger smectic layer planes in a c regime are oriented per¬ 
pendicular to the rubbing direction and are large enough 
to restrict the thermal motion of microsphere. Hence, 
the self diffusion of the microsphere in the direction per¬ 
pendicular to the layer plane is lower than in parallel 


direction as a result 77 " can diverge. 


IV. CONCLUSIONS 

As per the ELP theory of nemato dynamics, shear flow 
tilts the orientation of n in liquid crystals. The results of 
bulk rheology measurements studied earlier in 8 CB liquid 
crystals had always been explained in terms of these tilts 
0, 0, 3- On lowering the temperature from N-Sm- 
A, the consequences of precessional motion of (n) along 
different axial directions had been observed. We have 
established three important phenomenon in 8 CB liquid 
crystals, using particle tracking method. 

1. Using passive microrheology measurements (zero 
shear), results of tumbling nematic director is ob¬ 
served in G and G" measurements. 

2. Physical origin for the tumbling nematics in liquid 
crystals was therefore redefined for zero shear con¬ 
ditions. 

3. G vs w measurements were reported to differenti¬ 
ate pure nematic phase in b' regime, smectic C like 
clusters in the presmectics of a m and a s regimes 
and smectic A layers in the presmectics of a(b) and 
a c regimes. 

We have also shown in this paper dynamic viscosity 
measurements which are in concurrence with pre¬ 
vious shear rheology |3}. This is the first evidence 
of the tumbling of the nematic director even under 
near-zero shear condition. 
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